In underdoped cuprates, the relationship between the pseudogap, superconductivity, and charge and spin ordering is of key interest 1, 2 .
In underdoped cuprates, the relationship between the pseudogap, superconductivity, and charge and spin ordering is of key interest 1, 2 .
Their interplay can give rise to exotic quantum states, including the elusive pair density wave 3-5 (PDW), in which the superconducting (SC) order parameter is oscillatory in space. Evidence suggestive of a PDW state has been reported both above 6, 7 and below Periodic modulations of charge density have been discovered in all families of holedoped cuprates 14 . While these charge orders are short-range correlated in H = 0, the weakening of high-temperature superconductivity by perpendicular H leads to their enhancement [17] [18] [19] , i.e. longer correlations, at T < T 0 c . However, the precise interplay of charge orders with the d-wave superconductivity and with the putative PDW state 3, 5 under extreme conditions of low T T 0 c and high H is not well understood [9] [10] [11] [12] [13] ; studies of that regime have thus become of urgent interest, as they may significantly help to clarify the origin of the pseudogap phase. In that context, experimental probes that are sensitive to both charge and global SC phase coherence, such as transport, should be invaluable. (T ) is interrupted or weakened, turning into insulatinglike behavior at higher H; they correspond to the dashed lines in a, and match closely the values of H a1 (T ) and H b (T ) in Fig. 2 . The arrow shows that the splitting of the ρ ab (T ) curves for different H becomes pronounced when R /layer ≈ R Q = h/(2e) 2 ; T ≈ 15 K.
that it indeed reduces the interlayer frustration as predicted. A partial summary of our observations, including various regions of the phase diagram, is presented in Fig. 1a .
We use the in-plane magnetoresistance (MR) measurements to extract ρ ab (T ) at a fixed perpendicular H, shown in Fig. 1b Fig. 1b (also Supplementary Fig. 1b ) track the evolution of the kink in ρ ab (T ), where the metalliclike drop of ρ ab (T ) is interrupted or weakened, into an insulatinglike regime at low T with increasing H. Similarities to the behavior of various SC 2D systems 30, 31 suggest that this region corresponds to the formation of H-induced SC "islands" in an insulatinglike background: at low T , the increasing H destroys the superconductivity in the planes by quantum phase fluctuations of Josephsoncoupled SC puddles (Fig. 1a) . This interpretation is supported by the evidence for SC correlations in the insulatinglike regime, obtained from the non-Ohmic V -I characteristic ( Supplementary Fig. 2 ), and by the study of the anisotropy, both discussed below.
The T -H phase diagram (Fig. 2 ) was constructed by using the MR curves (Supple- (Fig. 3a) ; the error bars result from the uncertainty in ρ ab due to T fluctuations and the experimental resolution for estimating the onsets of bifurcation. Green dots: H peak (T ), i.e. fields above which the MR changes from positive to negative; it has been established 20 that H peak (T ) ∼ H c2 (T ). Region III is the H-induced normal state. The h/4e 2 line shows the (T, H) values where the sheet resistance changes from R /layer < R Q = h/4e 2 at lower H and higher T , to R /layer > R Q at higher H and lower T . The fields H p (T ), H a1 (T ), H b (T ), and H a2 (T ) (red symbols) show where characteristic changes in ρ c /ρ ab occur: H p (T ) is the layer decoupling field, H a1 (T ) and H b (T ) reflect the emergence of the novel insulatinglike region within the viscous vortex liquid, and H a2 (T ) matches the boundary of the non-Ohmic transport regime 20 . All dashed lines guide the eye. H = 0 values of T SO and T CO are also shown; both spin and charge stripes are known to be enhanced by H (see main text). 6 at which the linear resistance R ab ≡ lim I dc →0 V /I (or ρ ab ) becomes zero, while the position of the peak in ρ ab (H) (Fig. 3a) , H = H peak (T ), was found 20 to be of the order of the upper critical field (H c2 ), i.e. the field scale corresponding to the closing of the SC gap.
Therefore, the superconductor with T c (H) > 0 (i.e. a ρ ab = 0 state; region I in Fig. 2 ) is separated from the normal state at H > H peak by a wide regime of SC phase fluctuations arising from the motion of vortices. At low T , this regime exhibits non-Ohmic transport
20
( Supplementary Fig. 2) ; the metalliclike, dρ ab /dT > 0 regions where ρ ab (T > 0) = 0 (e.g.
blue region II in Fig. 2 ) were thus identified 20 as a viscous vortex liquid with the zero freezing temperature, i.e. T c = 0.
Within the phase-fluctuations regime, there is clearly a region of pronounced insulatinglike (dρ ab /dT < 0) behavior at low T (region IV in Fig. 2 ), with its precursors, i.e. the weakening of the metalliclike T dependence, becoming visible already at T T 0 c (also Supplementary Fig. 3 ). The insulatinglike dρ ab /dT that develops in region IV is at least as strong as the one observed in the field-induced normal state, i.e. for H > H c2 ∼ 20 T ( Supplementary Fig. 2b ). By tracking the "h/4e 2 " line where R /layer changes from R /layer < R Q at lower H and higher T , to R /layer > R Q at higher H and lower T , we find that it has two branches ( In that context, the reentrance (Fig. 2) or the strengthening of the vortex liquid ( Supplementary Fig. 3 ) at even higher fields, is highly surprising; possible origins of this behavior will be discussed further below.
In the MR curves, the weakening of the metalliclike T dependence at intermediate H,
leading to the insulatinglike behavior at low T (region IV), is manifested by the appearance of a "shoulder" in the H < H peak region ( Fig. 3a , Supplementary Fig. 1a ). The shoulder in the MR becomes more noticeable with decreasing T and, at very low T 0.05 K, the MR in this range of fields becomes hysteretic (Fig. 3a) . The size of the hysteresis grows with decreasing T (Fig. 3b) , and the range of fields where it is observed, independent of the sweep rate, outlines the boundary of region IV ( Fig. 2) where dρ ab /dT < 0. In other words, the hysteretic MR is not observed in the reentrant vortex liquid at higher H, where dρ ab /dT > 0 (blue sliver in Fig. 2 ). Another hysteretic regime appears at even higher H, as the system enters the normal state ( Fig. 3a) , but it is much less robust: its width in H is reduced with decreasing sweep rate (Fig. 3a inset; Fig. 2 shows the boundaries corresponding to 1 T/min). In general, a hysteresis is a manifestation of the coexistence of phases, i.e. it indicates the presence of domains of different phases in the system.
Typical signatures of such systems include slow, nonexponential relaxations and memory effects, which are indeed observed here ( Supplementary Fig. 5 ). The hysteretic response to a perpendicular H, observed when the superconductivity is suppressed, is attributed to the presence of domains with spin stripes.
To probe for a PDW requires a study of the anisotropic transport ( Fig. 4 ; the raw ρ c (H) data are in Supplementary Fig. 6 ). In both La Arrows show the positions of the anisotropy peak H p , or the decoupling field, as well as fields H a1 , H a2 , and H b that characterize the region of a slower decrease of anisotropy with increasing H ⊥ . The method to determine H a1 , H a2 , and H b precisely is described in Supplementary Fig. 7 . b, ρ c /ρ ab (in-plane sample B1) vs H ⊥ for different H , as shown, at T = 0.070 K. Inset: Enlarged view of the same data shows the suppression of the anisotropy by H for (Fig. 4a) . These characteristic fields are strongly pronounced in the second temperature derivative even at fairly high T ( Supplementary Fig. 7a ), which is how they were therefore determined more precisely for the phase diagram in Fig. 2 .
A huge increase in ρ c /ρ ab as H rises up to H p at a fixed T , corresponding to the regime where both ρ ab (T ) and ρ c (T ) rapidly increase from zero ( Supplementary Fig. 6 ), signifies decoupling of or the loss of phase coherence between CuO 2 planes. However, strong SC correlations persist in the planes for H > H p . As H increases further and weakens the superconductivity, ρ c /ρ ab decreases and reaches the normal-state background at H a2 (∼ 20 T as T → 0). Indeed, the fields H a2 (T ) match closely the boundary of the viscous vortex liquid determined from nonlinear transport 20 (see also Supplementary Fig. 2 ). Most strikingly, the emerging insulatinglike region is bounded by fields H a1 and H b (Fig. 2) , reflecting the weakening of the SC order in the planes in this regime. Therefore, we have performed angle-dependent measurements of both ρ ab (H) and in Fig. 4c ), and conversely, it is most pronounced above H c2 , indicating that the dominant effect of H is not related to superconductivity. In fact, it occurs most strongly in the two regimes where ρ ab (H ⊥ ) exhibits hysteretic behavior (Fig. 3) , thus further supporting the conclusion that the main effect of H is the reorientation of spin stripes in every other plane 36, 37 . The suppression of ρ ab by H seems to vanish at experimentally inaccessible H ⊥ , where the anomalous, insulatinglike ln(1/T ) dependence observed in the field-induced normal state also appears to vanish 20 , suggesting that the origin of the ln(1/T ) behavior might be related to the presence of short-range spin stripes. As the spin stripes in every other plane are rotated by H , in the PDW picture the interlayer frustration should be suppressed, leading to a decrease in ρ c . This is precisely what is observed (Fig. 4c) . The anisotropy ratio ρ c /ρ ab is reduced (Fig. 4b) Our experiments are thus consistent with the presence of local PDW correlations (in "puddles") at T > T 0 c in H = 0, which are overtaken by the uniform d-wave superconductivity at low T < T 0 c . In transport, the PDW SC state is revealed, however, when the uniform d-wave order is sufficiently weakened by a perpendicular H: it appears beyond the melting field of the vortex solid, within the vortex liquid regime, i.e. in the regime of strong 2D phase fluctuations. In the T → 0 limit and for even higher H c (< H c2 ), the system seems to break up into SC puddles with the PDW order (region IV in Fig. 2 ).
Within this picture, the reentrance of the vortex liquid regime is intriguing. In remains an open question, it is plausible that it is related to some kind of a rearrangement or a transition in the spin stripe system itself. For example, in region IV stripes may destabilize, favoring the superconductivity again, before another stripe phase stabilizes in region III. Since H ⊥ introduces another length scale, magnetic length (e.g. ∼ 8 nm at floating-zone technique 40 . The high homogeneity of the crystals was confirmed by several techniques, as discussed in detail elsewhere 20 . It was established that the samples were at least as homogeneous as those previously reported in the literature and, in fact, the disorder in our La 1.7 Eu 0.2 Sr 0.1 CuO 4 crystals was significantly lower than in other studies.
We note that the trivial possibility that the two-step SC transition observed at H = 0 (e.g. , is clearly ruled out also by the behavior of dρ ab /dT with H (Fig. 2, Supplementary   Fig. 3 , and Supplementary Fig. 8b) have not been possible to conduct such an extensive and systematic study that required matching data obtained using different cryostats and magnets (see below) over the period of 2-3 years during which most of this study was performed, thus further attesting to the high quality of the crystals. After ∼ 3 years, the low-T properties of sample B changed, resulting in a quantitatively different T -H phase diagram ( Supplementary Fig. 8b ); this is why we consider it a different sample ("B1"). The phase diagram of sample B1 seems to be intermediate to those of sample B (Fig. 2) and La 1.48 Nd 0.4 Sr 0.12 CuO 4 ( Supplementary   Fig. 3 ). Gold contacts were evaporated on polished crystal surfaces, and annealed in air at 700
• C. The current contacts were made by covering the whole area of the two Measurements. The standard four-probe ac method (∼ 13 Hz) was used for measurements of the sample resistance, with the excitation current (density) of 10 µA (∼ 5×10 resistive magnet, using 1 -2 T/min sweep rates. Below ∼ 0.06 K, it was not possible to achieve sufficient cooling of the electronic degrees of freedom to the bath temperature, a common difficulty with electrical measurements in the mK range. This results in a slight weakening of the ρ ab (T ) curves below ∼ 0.06 K for all fields. We note that this does not make any qualitative difference to the phase diagram (Fig. 2) . The fields were swept at constant temperatures, and the sweep rates were low enough to avoid eddy current heating of the samples. The MR measurements with H c were performed also by re-versing the direction of H to eliminate by summation any Hall effect contribution to the resistivity. Moreover, since Hall effect had not been explored in these materials in large parts of the phase diagrams studied here, we have also carried out detailed measurements of the Hall effect; the results of that study will be presented elsewhere.
The resistance per square per CuO 2 layer R /layer = ρ ab /l, where l = 6.6Å is the thickness of each layer.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request. at least down to ∼ 0.06-0.07 K. At lower T , it was not possible to achieve sufficient cooling of the electronic degrees of freedom to the bath temperature, a common difficulty with electrical measurements in the mK range, which results in a slight weakening of the ρ ab (T ) curves below ∼ 0.06 K for all fields. c, Nonlinear dV /dI vs I dc for several T at H = 13 T (region IV); I ac ≈ 1 µA, but the data taken at T = 0.067 K show that the same result is obtained, within the error, with I ac ≈ 1 µA and I ac ≈ 10 µA. 
